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ABSTRACT 23
The Mount Polley mine tailings embankment breach on August 4 th 2014, in British Columbia, 24
Canada, is the second largest mine waste spill on record. The mine operator responded swiftly by 25 removing significant quantities of tailings from the primary receiving watercourse, stabilizing the 26 river corridor and beginning construction of a new river channel. This presented a unique 27 opportunity to study spatial patterns of element cycling in a partially-restored and alkaline river 28 system. Overall, water quality impacts are considered low with Cu, and to a lesser extent V, being 29 the only elements of concern. However, the spatial pattern of stream Cu loading suggested 30 chemical (dominant at low flow) and physical (dominant at high flow) mobilization processes 31 operating in different parts of the watershed. Chemical mobilization was hypothesized to be due 32 to Cu sulfide (chalcopyrite) oxidation in riparian tailings and reductive dissolution of Cu-bearing 33
Fe oxides in tailings and streambed sediments whereas physical mobilization was due to erosion 34 and suspension of Cu-rich stream sediments further downstream. Although elevated aqueous Cu 35 was evident in Hazeltine Creek, this is considered a relatively minor perturbation to a watershed 36 with naturally elevated stream Cu concentrations. The alkaline nature of the tailings and the 37 receiving watercourse ensures most aqueous Cu is rapidly complexed with dissolved organic 38 matter or precipitates as secondary mineral phases. Our data highlights how swift removal of 39 spilled tailings and river corridor stabilization can limit chemical impacts in affected watersheds 40 but also how chemical mobilization ( Review Panel, 2015) . The Mount Polley event was significant for four reasons. First, at the time 50 of the accident it was the largest ever documented spill of mine tailings into the environment 51 (WISE, 2016) . Second, among tailings spills, the Mount Polley accident was unusual in that the 52 tailings are not acid-generating and contain generally low levels of trace metals and metalloids 53 when compared to typical tailings (Golder Associates Ltd, 2015; Kossoff et al., 2014) . Third, the 54 environmental clean-up operations were swift; within one year of the event a significant volume 55 of the spilled tailings had been removed from the major receiving watercourse and an extensive 56 river restoration scheme was under construction (Independent Expert Engineering Investigation 57
and Review Panel, 2015) . Fourth, the Mount Polley spill highlighted the increasing global 58 environmental risk of such events, due to the growing number of mining operations and higher 59 waste to ore ratios, and due to the growing vulnerability of these types of environments to extreme 60 hydro-meteorological events (Hudson-Edwards, 2016). 61
Following the embankment breach, tailings material initially discharged north into Polley 62 Lake before forming a 'plug' (area known as Polley Flats in Fig.1 ) that blocked water flowing 63 from Polley Lake. The tailings material subsequently flowed south-east into Hazeltine Creek and 64 then discharged into the West Basin of Quesnel Lake. The tailings material initially eroded the 65 existing valley, both vertically and laterally (SNC-Lavalin Inc, 2015). Subsequently, thick deposits 66 of tailings (up to 3.5 m thick) occurred primarily near Polley Lake and in Lower Hazeltine Creek 67 with thinner layers occurring in other parts of the creek. Tailings were deposited within the riparian 68 zone up to 100 m from Hazeltine Creek. 69
The ore body at Mount Polley is a typical alkalic porphyry Cu-Au deposit with supergene 70 enrichment (McMillan, 1996) . The dominant ore mineral is chalcopyrite (CuFeS2), but Cu also 71 occurs as other sulfide (bornite -Cu5FeS4, covellite -CuS, digenite -Cu9S5), silicate (chrysocolla 72 -(Cu,Al)2H2Si2O5(OH)4.nH2O) and carbonate hydroxide minerals (malachite -Cu2CO3(OH)2) 73 (Henry, 2009 ). Importantly, the ore has a low sulfide (0.1 -0.3 wt. %) and high calcite (5 -10 wt. 74 %) content giving it a high neutralization potential. Tailings generated from the processing of 75
Mount Polley ore also have generally low metal concentrations (mg kg Supplementary Fig. S2 . Spatial profiles of filtered and total Cu loading show a general 248 increase downstream of the Polley Lake weir (Fig. 2c) ; the maximum filtered (453 g day -1 ) and 249 total (549 g day -1 ) loads were recorded at HC-8. The primary source of total (67%) and filtered 250 (68%) Cu loading in Hazeltine Creek was the reach from HC-1 to HC-6 (0 -4000 m) which 251 comprised residual tailings in Upper Hazeltine Creek ( Fig. 2c ; source area #1). In this reach, 252 filtered Cu loads increased consistently and there was no difference between cumulative (the sum 253 of all loadings in the reaches where a positive change in loading was measured) and measured 254 filtered Cu loads ( Supplementary Fig. S3 ), suggesting there was no chemical attenuation 255 (precipitation or adsorption) of Cu here. Total loads exhibit a similar profile to filtered loads in 256 this reach aside from a slight decrease in load between HC-3 and HC-4. The general increase in 257
Cu loading through this reach is most likely due to inflow waters with elevated filtered and 258 particulate Cu concentrations that are draining the residual tailings (Fig. 2b) . The increase in 259 filtered and total loads between HC-5 and HC-6 was probably due to surface and/or subsurface 260 inflows that were not sampled. The secondary source of total (33%) and filtered (32%) Cu loading 261 was the reach from HC-6 to HC-10 which comprised the two bedrock canyons and Upper 262
Hazeltine Creek ( Fig. 2c ; source area #2). Copper loading through this reach was more variable 263 than further upstream but a notable increase in total and filtered loads occurred through Canyon 2 264 (HC-8) followed by similar magnitude decreases downstream of the canyon in Lower Hazeltine 265
Creek (HC-9). A slight increase in loads downstream of the sedimentation pond (HC-10) prior to 266 discharge into Quesnel Lake was probably due to elevated Cu concentrations in the sedimentation 267 pond (Fig. 2b) . Considering stream Cu loading in the entire watershed, the differences between 268 cumulative and measured Cu loads suggests 18% and 39% of the total and filtered Cu, respectively, 269 added to Hazeltine Creek along its course was attenuated prior to discharge into Quesnel Lake 270 ( Supplementary Fig. S3 ). The alkaline stream water and high calcite and low sulfur content of the 271 Mount Polley tailings undoubtedly limits mobilization and transport of Cu and other trace metals 272
in Hazeltine Creek (Nordstrom, 2011) . Nevertheless, the gradual increase in Cu concentrations 273 and loads in the stream suggests aqueous and total Cu phases were influencing stream chemistry 274 (Fig. 2) (Fig. 4a, b, d ) suggests weathering of chalcopyrite 291 (CuFeS2) was occurring in the tailings in source area #1 (Fig. 2c) . In addition, SEM-MLA 292 investigations provide evidence of chalcopyrite altering directly to Cu-bearing Fe oxides, possibly 293 ferrihydrite, in the tailings ( Table S3 ). Oxidation of 297 chalcopyrite in near-surface tailings followed by rainfall and infiltration of rainwater into the 298 tailings will dissolve the oxidation products and produce leachate with elevated dissolved Cu, Fe 299 and SO4. This leachate could be transported through the tailings to groundwater seeps and drainage 300 ditches through surface run-off and via subsurface flow paths along the tailings / glacial till 301 interface. The hydraulic residence time of mobilized Cu leachate within the tailings will play an 302 important role in Cu transport to groundwater seeps and drainage ditches and, ultimately, to stream 303 water (Fuller and Harvey, 2000; Gandy et al., 2007). Fine-grained material (such as the clay and 304 silt-sized 'grey' tailings) will increase residence time and limit the rate of oxygen diffusion, 305 thereby maintaining Cu in relatively insoluble forms (Gandy et al., 2007) . Evidence from column 306 and humidity cell tests suggests mineral solubility controls (e.g. ferrihydrite) will limit Cu leaching 307 in fine-grained tailings where flow paths are longer than half a meter (SRK Consulting (Canada) 308
Inc, 2015a). Shorter flow paths, such as those that characterize sediments in the riparian zone, are 309 more likely to remain oxic which could explain the elevated Cu measured in riparian groundwater 310 seeps and drainage ditches during this study. 311
The impact of Cu weathering in the tailings is clearly evident in the increase in total and 312 filtered Cu concentrations in drainage ditches and inflows, and in the increase in stream Cu loads 313 between HC-1 and HC-6. Filtered Cu increased through this reach and the relative contribution of 314 filtered Cu to the overall Cu load increased from 0.5 (at HC-3) to 0.9 (at HC-6). (Fig. 4b,c and Fig. 6b,c) . Filtered Fe and Mn was strongly and significantly 352 correlated with filtered Cu in the streambed pore waters (Supplementary Figure S4) as an important mechanism driving aqueous Cu release in the streambed (Calmano et al., 1993) . 357
Although positive ORP values were recorded in pore waters in this study (Fig. 4f), potentially  358 suggesting an oxic system, in the absence of low pH (acidic) streambed pore waters, the only 359 mechanism capable of producing the high filtered Fe and Mn concentrations found in Hazeltine 360
Creek pore waters was reductive dissolution . The highest pore water Cu and 361
Fe concentrations were generally recorded at 10 cm depth but then declined at 0 cm depth (surface 362 water) suggesting that diffusion of the released Cu to stream water was mediated by 363 (co)precipitation and / or sorption reactions (Fig. 6) . Cuprite was saturated at the sediment-water 364 interface (0 -10 cm) (Supplementary The secondary source of Cu loading in Hazeltine Creek occurred from HC-6 to HC-10. 379
The highest loading within this reach appeared to be Canyon 2 (5700 -6700 m) in Upper Hazeltine 380
Creek, most likely as a consequence of high water velocities and turbulence that eroded and 381 suspended streamside and streambed sediments with high Cu concentrations (Fig. 3) . Through this 382 reach, there was a decrease in the relative contribution of filtered Cu to the overall Cu load from 383 0.9 (at HC-6) to 0.6 (at HC-10), suggesting (co)precipitation and / or sorption of filtered Cu species 384 may have occurred. It appears that although Cu precipitation from HC-1 to HC-6 was limited by 385 kinetic constraints, an approach towards thermodynamic equilibrium occurred from HC-6 to HC-386 10. Evidence for this can be seen in the shift from under saturation (HC-1 to HC-6) to saturation 387 (HC-6 to HC-10) for cuprite (Supplementary Table S3 ) and could reflect the reduced number of 388 inflows in the lower reach that could alter stream chemistry. As well as precipitation of secondary 389
Cu minerals, Cu sorption to particulate Fe phases (ferrihydrite) could also have been important for 390 removing filtered Cu ( Fig. 5 ; Supplementary Table S4) . Elevated Cu 391 concentrations in the sedimentation pond at the time of sampling probably caused the slight 392 increase in Cu loads between HC-9 and HC-10. 393
Consideration of the evidence presented in this study allows us to derive a conceptual 394 model of Cu cycling in the Hazeltine Creek watershed (Fig. 7) . Oxygen diffusion in streamside 395 tailings in Upper Hazeltine Creek could drive oxidation of chalcopyrite in near-surface tailings 396 with reductive dissolution of Cu-bearing Fe oxides potentially occurring in deeper, anoxic tailings 397 (Fig. 7a) . Rainfall and infiltration in the tailings could dissolve the oxidation by-products which 398 could be transported to drainage ditches and Hazeltine Creek water through surface runoff and / 399 or subsurface flow. Any free ionic Cu present would probably form aqueous organic complexes 400 and / or sorb to particulate Fe oxides. Copper mobilization in stream sediments could occur by 401 reductive dissolution of Cu-bearing Fe oxides (Fig. 7b) . Figure S2 ). While transport of Cu was predominantly as filtered load at low flow (64% at HC-9), 439 particulate-bound load was clearly dominant at high flow (85% at HC-9), probably due to the 440 erosion of streamside tailings. Construction of fish habitat was underway during the high flow 441 sampling in 2016 which may also partially explain the observed increases in particulate 442 concentrations and loads. However, it is not unrealistic to hypothesize that construction activities 443 in the stream could have a similar effect on particulate transport as high flow events in the future. 444
Streams in the Quesnel River Basin follow a nival hydrological regime driven by spring snowmelt. 445
The high flow data for Hazeltine Creek, although based on a limited number of samples, and 446 collected during construction of fish habitat, suggest that elevated Cu loads due to physical 447 mobilization of residual tailings could be problematic during the spring months due to snowmelt. 448 
